ABSTRACT: In this paper, droplet impact on a porous surface is experimentally investigated over a wide range of Weber numbers and surface temperatures. Regime transition criteria have been deduced to determine droplet post-impingement behaviour as a function of the Weber number and surface temperature for which a droplet impacting on a porous surface. Based on the energy balance, an analytical model with improved boundary layer description is proposed to predict maximum spreading of droplet following impact on porous surfaces when the effect of heat transfer is negligible. The results of the model indicate that the spreading process after droplet impact on porous surfaces is governed by the viscous dissipation and matric potential. The maximum-spread model predictions agreed well with experimental measurements reported in this paper and the literature over a large range of Weber numbers and different porous surfaces.
Introduction
Developing an understanding of the behaviour of liquid droplets impacting on porous surfaces and the subsequent spreading process is significant in many industrial applications. In transportation, recent developments in selective catalytic reduction (SCR) for Diesel engines (Lockyer et al., 2015) requires control of the impingement process of urea droplets on porous catalyst surfaces to optimize the decomposition processes that generate ammonia which is used to reduce NOx emissions. In the manufacturing industry, binder jetting technology is used to construct parts such as skeletal replacements and porous biological scaffolds for reconstructive surgery (Wang et al., 2015) . In the pharmaceutical industry, tablet coatings, used for protection or to control drug release, rely on accurate control of the wetting of porous surfaces (Bolleddula et al., 2010) . Other application areas include ink jet printing, needle-less injection, aerosol filtering systems and raindrop penetration into building materials (Abuku et al., 2009 ). Accurate control of droplet impact on these porous surfaces is essential to create the desired physical and chemical processes. Therefore, knowledge of droplet impact behaviour and post-impingement characteristics is essential to optimise their performance.
Droplet impact regimes:
In the study of droplet impact, two dimensionless numbers, defined based on the droplet properties, are widely used to characterise the impact dynamics:
(1)
The Weber number is used to assess the relative importance of the droplet inertia compared with the surface tension and
Reynolds number defines the relative importance of the droplet inertia and the viscous force. Incorporating these two dimensionless numbers, different types of droplet impact behaviour and post-impingement characteristics on impermeable surfaces have been reported over the last thirty years (Bai and Gosman, 1995; Mundo et al., 1998; Naber and Reitz, 1988; O'Rourke and Amsden, 2000; Senda et al., 1997) . In the study of droplet impact on porous surfaces, researchers (Jeong et al., 2005) have often used the impact regimes model developed for droplet/impermeable surface interactions (Bai and Gosman, 1995) . Figure 1 .a. and 1.b. show two models of droplet impact regimes and transition conditions for impermeable surfaces (Bai and Gosman, 1995; Staat et al., 2015) . For example, the Bai-Gosman model defines the transitions between the various regimes of impact behaviour (Figure 1 .a.), such as spread, splash and break-up, and defines criteria for regime transition for droplet impact over a wide range of Weber numbers and surface temperatures. T pa is the pure adhesion temperature (the liquid boiling temperature); T N is the Nakayama temperature, when a droplet reaches its maximum evaporation rate; T Leid is the Leidenfrost point (LFP), the minimum evaporation temperature; and is the critical Weber number (splash threshold). Different impact regime maps may use different definitions of the impact regimes and boundaries between different impact regimes (Bai and Gosman, 1995; Bernardin et al., 1997; Bertola, 2015; Castanet et al., 2009; Lee and Ryu, 2006; Staat et al., 2015; Tran et al., 2012) , but there have many features in common with the different impact regime maps, such as typical impact behaviours. By comparing different impact regime maps (Bai and Gosman, 1995; Bertola, 2015; Staat et al., 2015; Tran et al., 2012) , the common features of different impact regime maps based on Weber numbers and surface temperatures are summarised. Firstly, the droplet sticks to/spreads on the surface at lower We and lower T s (surface temperature). Secondly, the droplet rebounds over the surface at lower We and higher T s (Leidenfrost point normally). Finally, the regime is splash/break up at higher We and regardless the T s . Besides the droplet properties and surface temperature, impact regime maps are also dependent on surface morphology that causes different impact behaviours and boundaries between impact regimes, such as polished silicon plates (Tran et al., 2012) , polished aluminium surface (Bertola, 2015) , sapphire plate (Staat et al., 2015) . Identifying the transitions between the modes of interaction allows the development of models defining post-impingement characteristics and droplet contact surface area to determine thermal and mass transfer. For droplet impact on impermeable surfaces, these models have been proven to provide an accurate description of surface interaction (Bai and Gosman, 1995; Bertola, 2015; Jia et al., 2008; Staat et al., 2015; Tran et al., 2012) . However, current droplet impingement models for impermeable surfaces cannot predict droplet impact on porous surfaces accurately.
(a) (b) Fig. 1 . Droplet impact regimes and transition conditions for impermeable surfaces (a) (Bai and Gosman, 1995) ; (b) (Staat et al., 2015) There have been many studies reporting experimental research into droplet impact on porous surfaces at ambient temperature (Joung and Buie, 2014; J B Lee et al., 2016a J B Lee et al., , 2016b and high temperature (Avedisian and Koplik, 1987; Chandra and Avedisian, 1992; Kim and Lee, 2014; Yu et al., 2008) . The studies of droplet impact on heated porous surfaces provided visualisation of droplet behaviour for a range of liquids (water, methanol and heptane), Weber numbers (9.6 -200.0), surface porosities (0.1 -0.4), and surface temperatures (22 o C -371.9 o C). Overview of experimental results is shown in Figure 2 . Based on the experimental results, droplet behaviours have been classified into different regimes based on the We and surface temperature. High-resolution imaging provides useful insights into the behaviour of impacting droplets and characterises the impact regimes. However, the results from these studies are often contradictory. Various impaction regimes are defined, but the regime transition criteria vary considerably between studies and even the regime descriptors are not consistent or clearly defined.
Fig. 2.
Overview of experimental work of droplet impact on heated porous surfaces studies (Avedisian and Koplik, 1987; Chandra and Avedisian, 1992; Kim and Lee, 2014; Yu et al., 2008) An important feature of the droplet-surface interaction is whether Leidenfrost phenomenon, which plays a crucial role in the Bai-Gosman map for solid surfaces, occurs on surfaces with high porosity. The traditional Leidenfrost phenomenon is explained by the compressibility or the stability of the vapour layer underneath the droplet (Gottfried and Bell, 1966) , but the effects of both compressibility and stability will be significantly reduced in high porosity substrate since the vapour can e scape through the voids. Studies have shown that LFP increases with decreasing porous grain size (63.9 -269 μm, glass beads) (Kim and Lee, 2014) and with increasing surface porosity (0.1 -0.25, alumina) (Avedisian and Koplik, 1987) . It has also been clearly shown that the LFP changes with liquid (acetone, benzene, FC-72, and water), surface properties (stainless steel, Graphite, Brass, Copper, Pyrex etc.) and micro/nanostructured surfaces (Arnaldo Del Cerro et al., 2012; Bernardin and Mudawar, 1999; Kim et al., 2011; Kruse et al., 2013; Kwon et al., 2013; Nair et al., 2014; Talari et al., 2018; Weickgenannt et al., 2011) .
As shown in Figure 2 , an aspect of the droplet-surface interaction that is missing from the current high-temperature porous surface data is the splash phenomenon. The Bai-Gosman model defines a critical Weber number, We C , above which the interaction is defined by the 'splash' phenomenon at all surface temperatures.
where . Coefficient A is reported to increase with decreasing surface roughness (Bai and Gosman, 1995) . It appears that for the presented data for impact on high temperatures porous surfaces (Avedisian and Koplik, 1987; Chandra and Avedisian, 1992; Kim and Lee, 2014; Yu et al., 2008) that the Weber numbers (9.6 -200.0) are not high enough to exceed
We C . In order to provide data for the development and validation of models for the design of optimised SCR systems, the current study will extend the Weber number range for droplet-high temperture porous surface interactions to examine the splash regime. Data is also provided for the high temperature surface interactions seen in exhaust after-treatment systems.
Maximum spreading diameter ( ):
The maximum spreading diameter has been reported to be one of the most important parameters in many applications. In SCR systems, the maximum spreading diameter affects the heat transfer from the wall to the liquid which is crucial for the evaporation and thermolysis of urea-water-solution and the deposit formation (Lockyer et al., 2015) . The binder droplet maximum spreading performance on the surface of hydroxyapatite microspheres can affect the quality of printed bone scaffolds (Wang et al., 2015) . In addition, raindrop penetration into building materials is reported to be correlated to the maximum spreading diameter of the raindrops (Abuku et al., 2009 ).
Empirical correlations: Scaling analysis has been applied to study the D max based on experimental data of droplet impact on impermeable surfaces. One of the frequently used empirical correlations in commercial CFD codes FLUENT, STAR-CCM+, VECTIS was reported by Akao et al. (Akao et al., 1980) :
This correlation was developed for dry and impermeable surfaces with surface temperature lower than the LFP. Araki and
Moriyama (Ng et al., 2015) , (water, micro structured silicon surface) (Tran et al., 2013) , , polished silicon wafer) (Tran et al., 2012) , (water, polished aluminum & silicon wafer) (Antonini et al., 2013) . Lee et al. (2016) collaped their data into a curve by using the Padé approximation ) for porous and non-porous surfaces ( : the maximum spreading ratio at zero impact velocity, A: a fitting constant) (J B Lee et al., 2016a) . Different scaling laws of the maximum spreading ratio will be examined in this study. The objective of the scaling analysis in the present study is to evaluate whether the D max of porous surfaces can be depicted by the physics developed for impermeable surfaces.
Analytical studies: In a study of droplet impact on a cold solid surface, Madejski (Madejski, 1976) developed the first analytical model of droplet impact dynamics using the variational principle. Over the past 30 years, development and improvement of analytical models have focused on droplet-impermeable surface interactions (Attané et al., 2007; Bang et al., 2011; Bechtel et al., 1981; Chandra and Avedisian, 1991; Kendall and Rohsenow, 1978; Kim and Chun, 2001; Mao et al., 1997; Pasandideh-Fard et al., 1996; Ryu and Lee, 2009; Tang et al., 2017; Ukiwe and Kwok, 2005; Yonemoto and Kunugi, 2017) . The analytical study is capable of predicting D max based on the conservation of energy or momentum.
The energy balance model is formulated in terms of the conservation of the sum of kinetic energy, surface energy and viscous dissipation. Different versions address the estimation of surface energy and viscous dissipation. The surface energy term requires an accurate and simple description of the surface geometry (Mao et al., 1997) and the contact angle (Jae Bong Lee et al., 2016; Ukiwe and Kwok, 2005) . Different models of the viscous dissipation involve various accounts of time to maximum spread (Pasandideh-Fard et al., 1996) and boundary layer thickness (Bechtel et al., 1981; Chandra and Avedisian, 1991; Pasandideh-Fard et al., 1996) .
A momentum/force balance model has also been developed to predict D max (Clanet et al., 2004 considering the geometrical head loss, the momentum balance of the rim or the adhesion energy (Roisman et al., 2002; Wildeman et al., 2016; Yonemoto and Kunugi, 2017) . Comprehensive reviews on D max of droplet impact on impermeable surfaces can be found in the literature (Josserand and Thoroddsen, 2016; Marengo et al., 2011; Yarin, 2005) .
Porous surfaces: Limited analysis has been carried out on the maximum spread of droplets impacting on porous surfaces.
Dynamics of spreading on highly wetting porous surfaces were considered by Joung and Buie (Joung and Buie, 2014) , who proposed an energy balance to predict droplet spreading rate. However, the transient analytical approach is complex and timeconsuming, which limits its broader application. Lee et al. (J B Lee et al., 2016a) added the initial surface energy to the scaling analysis for both impermeable surface and porous surfaces. They assume that droplet impact on the porous surface is dominated by kinetic energy, initial surface energy and surface energy at the maximum spreading for low porosity surfaces (5.1% -26.9%). However, Joung and Buie have shown that the matric potential represents a significant proportion of the total energy at the maximum spreading and viscous dissipation during the process of droplet impact and therefore cannot be ignored (Joung and Buie, 2014) .
Purpose and aims of this study: In this study, experimental data are presented for impact behaviour of water droplets on a porous ceramic substrate over a wide range of Weber numbers and surface temperatures. The study is part of a project to develop high-efficiency SCR systems in diesel engine applications and aims to generate and discuss a detailed impact regime map over a wide range of Weber numbers and surface temperatures on a widely used cordierite porous surface. Cordierite (2MgO·2Al 2 O 3 ·5SiO 2 ) has good mechanical strength, low thermal expansion coefficient, good surface properties, and is costeffective (Valášková and Martynková, 2009 ). In addition, Cordierite ceramics can be used up to approximately 1200°C (Rohan et al., 2004) so they are widely used in SCR systems and other high temperature chemical engineering systems. The data generated from this study is vital to understand and predict the physical and chemical process in order to develop a highefficiency SCR systems (Lockyer et al., 2015) and in other applications using high-temperature porous substrates.
The quantitative data on maximum spreading ratio during the droplet impact process produced in this study is compared with existing scaling laws to test their validity. Moreover, an analytical model based on the energy balance with improved boundary layer description is proposed to predict maximum spreading of droplet following impact on porous surfaces when the effect of heat transfer is negligible. The predicted maximum spreading ratios from the proposed model are then compared to the experimental data generated in this study and the data reported in the literature on other types of porous surfaces to test the validity of the model.
Impact regimes and transition criteria of droplet-porous surface interaction

Experimental method
In order to obtain impact regimes for droplet-porous surface interactions, experiments of water droplet impact on a cordierite porous surface. To make it possible to compare the differences between droplet impact on porous and impermeable surfaces in the same test setup, a set of droplet impact experiments was carried out using a smooth stainless steel surface at ambient conditions. were measured using a K-type surface thermocouple (Omega SA1XL) connected to a data logger (Pico TC80 thermocouple data logger). An infrared camera (FLIR E60) was used to monitor the surface temperature over an extended area. The surface temperature measured by the surface thermocouple was used to calibrate the temperature measurement by the infrared camera. The mean diameter of the droplets produced by the system was 2.2 mm. The droplet impact velocity was controlled by changing the vertical distance between the nozzle tip and the porous surface. The displacement of the droplet between successive frames of the recorded video just before impact was used to calculate the droplet impact velocity. The droplet impact velocity ranged from 0.4 m/s to 4.1 m/s, giving a Weber number in the range 5 to 500. Figure 4 shows the images of the cordierite porous surface captured by a scanning electron microscopy (Hitachi TM3030) allowing analysis of the surface to determine the structure, grain size and pore size. Table 1 shows the properties of the liquid droplets and the cordierite porous surface. The thermal conductivity of AISI 304 stainless steel is 14.92 -24.33 W/(m•K) ( ) (Graves et al., 1991) . The thermal conductivity of the cordierite (0.921 W/(m•K) (Zygourakis, 1989) ) is much smaller than that of the stainless steel. The cordierite is a poor thermal conductor (lower heat transfer rate) and cools down during the droplet impact process significantly compared with stainless steel surface ( ahn and k, 2012) . Consequently, the effect of time-averaged surface temperature on droplet impact behaviour on the cordierite substrate can be different from the behaviour on impermeable surfaces of high thermal conductivity, especially at high temperature. Therefore, different regimes are expected for droplet impact on heated cordierite porous surface compared with impermeable surfaces. * (Zygourakis, 1989 ) ** (Day, 1996) A typical sequence of images of the spreading liquid film is presented in Figure 5 . From these images, the spreading diameter was measured as the horizontal edge-to-edge distance of the fluid film. The maximum spreading ratio is defined as the maximum diameter during impact divided by droplet diameter just before impact ( ). Contact angles were measured during spreading of the droplets using the LB-ADSA method (Stalder et al., 2010 ). An example of measuring the contact angle is shown in Figure 6 . 
Results and discussion
Impact regimes were obtained for droplet impact on the cordierite surface for 128 experimental measurement points across the range of droplet impact Weber number and surface temperature conditions. Figure 7 shows typical recorded images of the droplet impact behaviour for the various impact regimes visualised for the droplet-porous surface interaction. To aid the visualisation of the shape of the droplets and liquid films during the early stages of the droplet impact experiments, recorded videos of droplet impact were image processed using edge detection.
1) Spread regime:
The inertia of the droplet causes it to spread out on impact to form a thin and dynamic fluid film in a similar way to the droplet impaction on impermeable surfaces, at low surface temperature. For the porous surface, spreading of the droplet is accompanied by permeation of liquid into the porous surface. The pores close to the impact interface are saturated with fluid so that any liquid remaining on the porous surface forms a thin liquid film (Reis et al., 2004) . This regime occurs when ( ) and ( ), which are defined as the pure adhesion temperature in the Bai-Gosman regime map (Bai and Gosman, 1995) and the Leidenfrost temperature in the Staat et al. regime map (Staat et al., 2015) .
Compared to the spread regime for impermeable surfaces, the pure adhesion temperature on the porous surface is higher (> 100°C -the boiling temperature of water). This indicates that there is very limited boiling even when the surface temperature is above the saturation temperature. The observed smooth surface of the droplet, as shown in Figure 7 , provides further evidence that there are very few bubbling events (i.e. water evaporation).
Furthermore, the other two impact regimes for droplet impact on impermeable surfaces (Bai and Gosman, 1995) , named 'stick', and 'splash' in Figure 1 .a., when the surface temperature is below the pure adhesion temperature, do not appear during the current experiments for Weber number up to 500. This can be due to the strong capillary effect of the porous structure which absorbs a large amount of kinetic energy from the spreading liquid film to prevent it splash away from the surface.
2) Boiling-induced break-up regime:
This regime occurs when the surface temperature increases beyond the pure adhesion temperature ( 250°C) and the Weber number is relatively low (We 102). In this regime, boiling starts to occur almost instantaneously when the falling droplet reaches the hot surface. As the droplet further compresses the generated vapour layer due to the inertial effect, the compressed vapour layer will provide reaction forces to the droplets and and resists the permeation of liquid into the porous surface (i.e. reduced capillary effects due to smaller contact area to make the surface less permeable).
The small Weber number indicates the droplet has inadequate initial kinetic energy to overcome the surface tension effect and trigger the breakup phenomena (i.e. splash). As a result, the droplet will spread out to form a thin liquid film as in the spread regime. The consequent bubbling events during the boiling process in this regime serve to destabilise the liquid film through the bubble formation and bursting process, which produces numerous secondary droplets. The majority of the secondary bubbles are generated after the liquid film spreads to size close to the maximum radius. This indicates that the liquid must advance almost to its maximum extent to heat up the droplet to saturation temperature.
Another distinct feature in this regime is the recoil phenomenon. Unlike the recoil phenomenon observed during the impact of droplet on unheated surfaces where the recoil only occurs during the liquid receding process, the recoil of droplets on heated porous surfaces can take place either during the liquid advancing or receding stage. As explained by Mao et al. (Mao et al., 1997) , the recoil on unheated surface occurs when the droplet has high enough initial kinetic energy to spread beyond the distance defined by the static wetting condition of a droplet on the surface so that the surface tension force starts to pull the triple contact line inwards. If the kinetic energy gained through this pull-back process is high enough to push the liquid in the middle upwards, the recoil phenomena, which features a vertical liquid column known as the Worthington jet (Worthington, 1908) , occurs. Therefore, the recoil regime on unheated impermeable surfaces is defined by a threshold Weber number.
However, on the heated surfaces in current experiments, the recoil regime can only be defined by the combination of surface temperature and the Weber number. This indicates that the recoil phenomena on the heated surface are triggered by the interplay between the capillary force and the reaction force due to liquid evaporation. 
2.1) Advancing recoiling regime:
This regime only occurs at low Weber number (We ≤ 53) and medium surface temperature (350°C ≤ T S ≤ 420°C). The occurrence of this regime can be explained by considering the interplay between the downwards momentum of the droplet and upwards reaction force from the evaporation process. At low temperature, the evaporation rate is relatively low, so the initial downwards momentum dominates over the reaction force from the production and compression of the vapour layer. As temperature rises, the reaction force increases and overcomes the initial downward momentum, triggering the recoil phenomenon. The appearance of the vertical liquid column is usually accompanied by a breakup process of the column due to the well-established Rayleigh-Plateau instability. As the temperature further increases, the high initial evaporation rate produces a stable vapour layer, which reduces the heat transfer rate and the evaporation rate, hence reducing the reaction force. As a result, the downward momentum becomes dominant again and suppresses the recoil phenomenon during the advancing stage.
3) Boiling-induced splash regime: This regime occurs at medium to high surface temperature ( 300°C) and high Weber number (We 80). Similar to the boiling-induced break-up regime, boiling occurs consistently during the impingement process. Therefore, the capillary effects of the porous substrate are reduced due to constant liquid evaporation. Compared to the boiling-induced break-up regime, droplets in this regime have a high enough initial kinetic energy to overcome the surface tension force when impinging on the surface and trap a continuous or broken vapour layer. As a result, the splash phenomena have a similar appearance to those observed for droplet impacts on impermeable surfaces (Bai and Gosman, 1995) . Two different types of secondary droplets are generated in this regime. The first type of secondary droplets is similar to those of the boiling-induced breakup regime, which are very fine droplets generated after the liquid film reaches the maximum spreading distance. They are most likely generated due to the bubble formation and bursting induced instability. The second type of droplets is much bigger and generated shortly after the initial impact. These droplets are generated due to Rayleigh-Plateau instability of the rim surrounding the liquid film (Josserand and Zaleski, 2003) . These two types of secondary droplets behave quite differently on the high-temperature heated surface. The first type of fine droplets gains a sufficient amount of kinetic energy through the Leidenfrost phenomenon to be accelerated to fly away. The second type of bigger droplets tends to float and translate above the surface due to their higher weight.
This regime can be further divided into two sub-regimes: a splash regime with continuous liquid film, and a splash regime with broken liquid film.
3.1)
Splash regime with continuous liquid film: this regime occurs at medium Weber number (80 ≤ We ≤ 283 at 340°C
and 152 ≤ We ≤ 400 at 300 -320°C). Shortly after the initial impingement, the spreading liquid film becomes highly unstable near the edge and quickly breaks up generating numerous droplets which fly away at a small angle to the surface. This could be a sign of a noticeable increase in the evaporation rate so that the compression of the generated vapour layers interacts with the surface tension effect to trigger the Rayleigh-Plateau instability of the thin liquid film to produce those secondary droplets (Josserand and Zaleski, 2003) . Away from the edge, the liquid film is still continuous and shows a wavy structure due to the interaction between the capillary wave and growing bubbles.
3.2)
Splash regime with broken liquid film: this regime occurs at high Weber number (We 350 at 340°C and We 450 at 300 -320°C). Shortly after the intial impingement, the spreading liquid film becomes highly unstable across the whole spreading area and quickly breaks up to produce large amount of droplets on the surface. Some of the droplets will later on merge together to form a continuous liquid film and other move away separately. Comparing with the Bai-Gosman map (Bai and Gosman, 1995) which was developed on impermeable surfaces, it is clear that the droplet impact regimes on the porous surface are quite different. One of the main differences is the absence of the 'stick' and the 'splash' regimes for surface temperature lower than the pure adhesion temperature, and the 'rebound' regime at high temperature. The absence of these regimes is mainly due to the capillary effects of the porous substrate so the detailed modelling of the impact behaviour will need to take into account this capillary effect. The other major difference is the combinations of threshold surface temperature and Weber number which define the boundaries of different regimes for droplet impacts on heated porous surfaces. These differences highlight the importance of understanding the validity of those well-established critical temperatures, such as the boiling temperature and the Leidenfrost temperature, on the porous surfaces. On impermeable surfaces, if the surface temperature is larger than the Leidenfrost point (LFP), the droplet rebounds off the surface after the impact. However, the rebound does not occur after the droplet impact on the porous surface, even if the porous surface temperature (450 o C) is much higher than the Leidenfrost point on impermeable surfaces (280°C -325°C, steel surface) (Bernardin and Mudawar, 1999) . As noted earlier, a contributing factor for this difference is the significant local cooling for the cordierite surface, due to the low thermal conductivity, compared with steel surfaces.
An analytical study of LFP has been developed by considering a droplet to be suspended by its own vapour due to the evaporation on both impermeable surfaces (Gottfried and Bell, 1966) and porous surfaces (Avedisian and Koplik, 1987) . The weight of the droplet is counterbalanced by an upward force produced by the pressure distribution in the vapour film at the base of the droplet surfaces (Avedisian and Koplik, 1987) . According to their analytical solution the LFP increases with porosity and the maximum porosity for levitation is 0.786 at a surface temperature of 450°C (highest surface temperature in this study) and the length scale characteristic of the porous grain of 10 μm. For the surface temperature of 280 °C (lowest LFP of impermeable surfaces (Bernardin and Mudawar, 1999) ), the maximum porosity for levitation is 0.75. Therefore, even if the theoretical prediction of LFP of the porous surface has been achieved in this study, there is still no levitation. This might be due to the low thermal conductivity of the cordierite porous substrate in this study, so the surface cools down below the LFP during the initial impact process even if the time-averaged surface temperature is above LFP.
Experimental study of post-impingement spreading characteristic
This section focuses on the effect of droplet Weber number and surface temperature on the maximum spreading ratio of the spreading liquid film after the impingement. The wetting diameter and contact time of the spreading liquid film are vital for heat transfer processes after droplet impact.
Effect of droplet Weber number
As detailed in the previous section, the dynamics of the spreading liquid film during the liquid advancing phase are similar for both the 'spread' and 'boiling-induced breakup' regimes. In case of the splash regime, the maximum diameter was measured from the continuous liquid film (i.e. ignoring the separated sections of the liquid film, visible in Figure 7 ). The variation of maximum spreading ratio with Weber number at different surface temperatures is presented in Figure 9 . It is clear that the maximum spreading ratio increases with increasing Weber number. This can be explained by the increase in the initial kinetic energy when the Weber number is increased, which enables the liquid film to spread further. When (open markers), the Weber number plays a more important role to set the boundary between the 'break-up regime' and the 'splash regime', as detailed in previous session. In addition, the boiling phenomena becomes more important for . As a result, there are strong interactions between the droplet inertial force, the capillary force and the extra forces due to bubble formation and bursting (e.g. the bubble growth inertia force, bubble-induced viscous dissipation and pressure force during bubble bursting). In the 'spread regime' (i.e. , solid markers), the amplitude of capillary waves on the liquid film increases with Weber number, as illustrated in Figure 10 . 
Effect of porous surface temperature
The effect of surface temperature on the liquid film geometry is illustrated in Figure 11 . This shows that bubbling events start to distort the liquid film when . the spread regime to other regimes is near 250°C. Considering the negligible boiling in the 'spread regime', it is likely that the maximum spreading ratio is insensitive to droplet heating as long as boiling does not occur. When the 320°C, the maximum spreading ratio rapidly increases with surface temperature for We > 200. Together with the liquid film dynamics shown in Figure 11 , such a large variation could be due to the strong bubble-film interactions caused by boiling. At small to medium Weber number (< 200), most of the spreading ratios increase slightly to a local peak value and then decreases to a local minimum before reaching a highly fluctuation region. At medium Weber number (102 -200), the peak value occurs at around 200°C. The small increase in the maximum spreading ratio could be due to the reduced surface tension and viscosity of the liquid film, so less kinetic energy is dissipated and more energy is available for the liquid film to spread outwards. The maximum spread ratio will then reach a peak value when the boiling interrupts the spreading process. As the Weber number increases, the increase in the liquid advection will suppress the bubble nucleation so the boiling occurs at a higher surface temperature, as in convective boiling. Therefore, the temperature where the maximum spreading ratio reaches a local peak value could be a signpost for the boiling process (i.e. bubble nucleation). As the surface temperature further increases, the bubble nucleation occurs more vigorously so will interrupt the spreading process more frequently. As a result, the spreading ratio keeps decreasing until another critical temperature where the bubble nucleation becomes less frequent. Such local minima occur at around 320 o C consistently regardless of the Weber number. In a typical boiling curve, such a temperature is usually defined as the Leidenfrost temperature. Above 320 o C, the spreading ratio starts to increase until the surface temperature reaches 400 o C where the spreading ratio reaches a maximum. At surface temperatures above 400 o C, the spreading ratio starts to decrease again. In summary, the data plotted in Figure 12 suggests three critical temperatures for the maximum spreading ratio: 
Scaling analysis of maximum spreading ratio
Different scaling laws have been proposed to predict the maximum spreading ratio of droplet impact on impermeable surfaces as introduced in the first section. According to the theory of Clanet et al. (Clanet et al., 2004) , an impact number was defined to distinguish the impact regimes, such as the viscous regime (high impact velocity,
) and the capillary regime (low impact velocity, . The viscous regime assumes that kinetic energy converts to viscous dissipation at the maximum spreading, while the capillary regime assumes that kinetic energy converts to surface energy.
In the present study, P is always smaller than 1 (0.02 ≤ P ≤ 0.35 with 5 ≤ We ≤ 500). Therefore, the experimental data for surface temperature, T s ≤ 150 o C are compared with two scalings of the capillary regime as well as Equation 4 ( ) (Akao et al., 1980) as shown in Figure 13 .a. As discussed in section 2, droplet impact at T s ≤ 150 o C corresponds to the spread regime (i.e. the heat is transferred only in forms of sensible heat) where the surface temperature has very limited effect on the maximum spreading ratio (the maximum difference between and at the same We is 8%). One scaling is obtained based on the momentum balance ( ) (Clanet et al., 2004) , the other one is obtained using the energy balance ( ) (Bennett and Poulikakos, 1993; Eggers et al., 2010) . Firstly, it can be seen that the empirical correlation of Akao et al. (Akao et al., 1980) which is widely used in the commercial CFD codes reasonably fits the maximum spreading ratio on impermeable surfaces, but cannot predict on porous surfaces. Secondly, the experimental data for the porous surface is not represented adequately by either of the capillary regime scalings and especially at the low
We. Therefore, we compare our data with scaling of the viscous regime. In the viscous regime, two widely used scalings were obtained based on the energy balance. One scaling is (Re > 100) (Clanet et al., 2004; Laan et al., 2014; Madejski, 1976; Roisman, 2009) , the other one is ( and ) (Pasandideh-Fard et al., 1996) .
In this study, We changes from 30 to 500 ( ). Figure 13 .b. shows the comparison between experimental data and different scalings of the maximum spreading ratio for the viscous regime. It can be seen that the existing scalings of the viscous regime cannot predict the on porous surfaces.
Regression analysis of the experimental data for the porous surface using the capillary regime assumption yielded the following best-fit power law correlation: (Coefficient Of Determination COD R 2 = 0.95). The experimental data can be also well fitted by the correlation with Reynolds number: (COD R 2 = 0.95).
(a) (b) Fig. 13 . Comparison between experimental data and scalings of the maximum spreading ratio ( ) (log-log plot) (a) the capillary regime scaling; (b) the viscous regime scaling
In summary, it is found that neither the relationships associated with the existing analysis of the capillary regime nor the viscous regime developed for impermeable surfaces (Clanet et al., 2004; Eggers et al., 2010; Laan et al., 2014) can predict the of the porous surface sufficiently accurately over a wide range of We. One of the main reasons is due to differences in the energy balances between droplet impact on impermeable surfaces and porous surfaces. The existing scaling laws were obtained based on studies of droplet impact on impermeable surfaces. To understand the physical process and to predict the maximum spreading ratio, a detailed analysis is carried out to study the energy balance for droplet impacts on porous surfaces.
Analytical study of post-impingement spreading characteristic
Analytical model
As discussed in section 2 and evidenced by the results in section 3, the post-impact behaviour of the spreading liquid film is significantly different on a porous substrate. To obtain an accurate estimate of the dynamic spreading of the droplet impact on a porous surface, an energy balance approach was proposed by Joung and Buie (Joung and Buie, 2014) . The droplet possesses kinetic energy, potential energy and surface energy just before it contacts the surface. In the energy balance models for impermeable surfaces (Attané et al., 2007; Bechtel et al., 1981; Chandra and Avedisian, 1991; Joung and Buie, 2014; Kim and Chun, 2001; Mao et al., 1997; Pasandideh-Fard et al., 1996) the liquid only possesses surface energy at the instant of maximum spreading. The interaction between the liquid and a porous surface is accounted for by including the matric potential energy associated with the penetration of liquid into the pores of the substrate. During the contact line advancing phase, energy is dissipated by line dissipation (Attané et al., 2007) , by viscous dissipation inside the droplet and in the porous region. These processes are illustrated in Figure 14 . To simplify the analysis, an assumption of cylindrical geometry of the impacting droplet was made. The energy between before and after impact is established as,
The kinetic energy and surface energy of the droplet before impact are given by (Bechtel et al., 1981; Chandra and Avedisian, 1991; Mao et al., 1997; Pasandideh-Fard et al., 1996) ,
The initial gravitational potential energy is given by,
Evaluation of equation 9 for typical experimental parameters shows that the initial gravitational potential energy is much smaller than the kinetic energy ( ) for a 2.2 mm water droplet for Weber numbers from 5 to 500, so will be ignored.
The shape of the liquid film at maximum spreading is assumed to be a cylinder. This assumption has been widely used in the literature and Figures 5, 10 and 11 suggest that this is a reasonable approximation. Based on Young's equation (Young, 1805) and surface energy balance on the interface, the surface energy after impact is given by (Chandra and Avedisian, 1991; Ford and Furmidge, 1967; Pasandideh-Fard et al., 1996) ,
The surface energy of the side of the assumed cylinder shape of the droplet at maximum spreading is negligible for two reasons: (i) the top surface area of the cylinder is large compared with the side surface area of the cylinder (We = 31, A side /A top = 0.11 and We = 450, A side /A top = 0.04); (ii) droplet-porous surface interaction shows a high wetting characteristic (water/cordierite, averaged = 26 o , We = 5 -500) comapred with that of impermeable surface (water/steel, averaged = 103 o , We = 6 -396). Therefore, the side surface is negligible because of the low ratio of top surface area/ side surface area and the very sharp contact angle.
The matric potential energy is the surface energy inside the wetted porous region. The matric potential energy is controlled by capillary effects associated with the ingress of part of the droplet liquid into the porous medium. As defined by Fredlund and Rahardjo (Fredlund and Rahardjo, 1993) , Nitao and Bear (Nitao and Bear, 1996) and Parr et al., (Parr et al., 1981) , the expression of the matric potential energy at the moment of maximum spreading is given by:
is the wetting angle of the liquid on the surface of the capillary, is the wetted depth, is the pore radius and is the porosity.
In past work, the matric potential has been evaluated by assuming that the whole porous region is wetted (Joung and Buie, 2014) . A more general analysis should take into account the possibility of incomplete wetting: the wetted region should represent the wetted pores only rather than the whole porous region. Thus, the wetted depth h wet is taken to be equal to the minimum of the penetration depth (J B Lee et al., 2016a) and the porous region height is given by,
The penetration depth was estimated base on the momentum balance of the penetrated liquid in the porous substrate by neglecting capillary penetration (J B Lee et al., 2016a) .
The moving line dissipation was defined by Golestanian and Raphaël (Golestanian and Raphaël, 2001 ) and Snoeijer and
Andreotti (Snoeijer and Andreotti, 2013) as:
where is the droplet diameter D 0 , is the effective pore diameter and is the contact angle ( in this study).
The time t c required for a droplet to reach maximum spreading was obtained by an analytical study of the mass balance reported by (Pasandideh-Fard et al., 1996) and is given by,
The estimate of the viscous dissipation in the liquid region is based on the correlation proposed by Chandra and Avedisian (Chandra and Avedisian, 1991) ,
The viscous dissipation function  is estimated as follows (Chandra and Avedisian, 1991) ,
where is a characteristic length; in this case, the boundary layer thickness (Pasandideh-Fard et al., 1996) . Details of the estimation of for impermeable surfaces are reviewed in the next section, where an improvement is proposed to describe the viscous dissipation and boundary layer thickness during droplet impact on porous surfaces.
After substitution of Eq. (6)- (17) into Eq. (5) and further simplifications, the following expression for the maximum spreading ratio  max is obtained,
with the following dimensionless factors: accounts for the matric potential, describes the effect of line dissipation and represents the viscous dissipation.
Improvement of boundary layer thickness description
Four expressions for the boundary layer thickness and an expression of the residual film thickness at the liquid-impermeable interface have previously been proposed in literature: (Bechtel et al., 1981) (22) (Chandra and Avedisian, 1991) (23) (Pasandideh-Fard et al., 1996) (24) (Roisman, 2009 ) (25) (Roisman, 2009) (26) where is the boundary layer thickness of droplet impact on impermeable surfaces, , h is the height of the lamella at the maximum spreading, is the kinematic viscosity, t c is the time to the maximum spread ( ) and is the residual film thickness. For estimating β max , We and Re are calculated based on impact velocity U 0 . Figure 15 shows the boundary layer thickness predictions as a function of the impact Weber number for a water droplet impact on the cordierite porous surface based on these four expressions. The prediction of Bechtel et al. (Bechtel et al., 1981 ) is independent of the velocity and, therefore, returns a constant boundary layer thickness (Attané et al., 2007; Kim and Chun, 2001 ). Chandra and Avedisian's expression (Chandra and Avedisian, 1991) predicts the boundary layer thickness to be the same as the height of the lamella h. h is estimated from the volume conservation of the droplet and the cylindrical geometry assumption ( ). is estimated using the semiempirical relation ( ) developed and validated by Roisman (Roisman, 2009) . The cylindrical geometry assumption has been proved to be reasonable in predicting the maximum spreading characteristics (Kim and Chun, 2001; Roisman, 2009 ). Roisman's expression (Equation 26) (Roisman, 2009 ) also predicted the thickness of the lamella (the residual film). Both predictions should be the same in thoery, because they both predict the height of the lamella at the maximum spreading. However, there is much difference between the two preditions. Preditions of are always much smaller than h as shown in Figure 15 . The had only been validated for spherical targets rather than flat surfaces (Roisman, 2009) . Therefore, we think that is more accurate than in predicting the lamella height of droplets impact on flat surfaces. The Equation 25 of Roisman (Roisman, 2009 ) predicts the largest value of boundary layer thickness compared with other three predictions at the condition of higher Weber numbers (> 250). The physics of the boundary layer is controlled by the ratio of local to viscous acceleration (Schlichting, 1979) . The expression of Pasandideh-Fard et al. (Pasandideh-Fard et al., 1996) predicts an intermediate value of boundary layer thickness at the condition of lower Weber numbers (< 150) and the smallest value of boundary layer thickness compared with other three predictions at the condition of higher Weber numbers (> 150).
Fig. 15.
Estimates of boundary layer thicknesses using Eq. 22-26 based on experiments of droplet impact on the cordierite porous surface
The boundary conditions during droplet impact are different for liquid-impermeable surface interactions and liquid-porous surface interactions. The liquid-impermeable interface can be regarded as a no-slip boundary where the velocity is zero.
However, the liquid-porous interface is a slip boundary, and the interface velocity is larger than zero (Goharzadeh et al., 2005; Morad and Khalili, 2009 ). Figure 16 shows comparisons of the measured spreading ratios ( ) and non-dimensional spreading velocities ( ) on a steel surface and on the porous surface at the interface. is defined as,
where is the transient spreading velocity calculated using the spreading diameter at time , n is the number of time steps.
The spreading rate of droplet impact on the porous surface is always higher than that on a stainless-steel surface for different
We as shown in Figure 16a . For comparison, evolution of are shown in Figure 16b . The spreading velocity of droplet impact on the porous surface is higher than that on the stainless steel in the figure, because the spreading fluid layer has to stick to an impermeable surface and slips on a porous surface , where is the speed of the fluid at the porous/liquid interface. Hence the shear stress on the fluid layer is lower when it spreads over a porous surface, so it can spread further and faster. At We ≈ 100, the spreading velocities of both surfaces are almost the same as the early stage (t/(D 0 /U 0 ) < 1). Ratio of of both surfaces changes from 1.24 to 1.87 (1 < t/(D 0 /U 0 ) < 2). At We ≈ 400, ratio of of both surfaces changes from 1.07 to 1.67 (1 < t/(D 0 /U 0 ) < 3). The smaller difference of at larger We appears to be is associated with the fact that the difference of the spreading velocity becomes smaller with increasing We. It can be seen that increases with We, which agrees with the experimental data of Goharzadeh et al. (Goharzadeh et al., 2005) . The total boundary layer thickness is equal to the boundary layer thickness above the droplet-porous interface plus the boundary layer thickness inside the porous region, as is shown in Figure 17 . To improve the modelling of viscous dissipation above and below the droplet-porous interface, an assumption has been made in this paper based on studies (Goharzadeh et al., 2005; Le Bars and Worster, 2006) of the transition layer thickness at a fluid-porous interface. The maximum velocity of the fluid outside the boundary layer is the initial impact velocity and the minimum velocity of the boundary layer inside the porous region is zero. The thickness  porous of the transition layer inside the porous region is of the order of the porous grain diameter (Goharzadeh et al., 2005; Morad and Khalili, 2009) . It was also found that the Reynolds number and the fluid height over the porous surface have little effect on the transition layer thickness (Goharzadeh et al., 2005; Morad and Khalili, 2009) . The total viscous dissipation above and below the droplet-porous interface based on the improvement of the boundary layer description can be estimated by,
Equation 24 of Pasandideh-Fard et al. (Pasandideh-Fard et al., 1996) was used in this work to estimate the boundary layer thickness  imp in this study. A number of studies (Jae Bong Lee et al., 2016; Pasandideh-Fard et al., 1996; Visser et al., 2015) have reported that the boundary layer thickness obtained by Equation 24 is of the same order of magnitude as that obtained by CFD simulations. Value of changes from 0.14 to 0.43 ( ) for a water droplet impact on the cordierite porous surface. Table 2 shows properties of droplets and porous surfaces in this study (Ts ≤ 150 o C) and published papers (ambient conditions) (Joung and Buie, 2014; J B Lee et al., 2016a) . For our data of droplet impact on the porous surface, the average terminal advancing contact angle θ a at We = 5 -500 is 26 ± 1 o at a surface temperature of 50 o C. *Assumed value **Porosity of cordierite: (Merkel et al., 2003) Figure 18 shows that the developed analytical model for predicting maximum spreading of droplet impact on porous surface, which ignores the effect of heat transfer and change of temperature, match well with the measured data for surface temperature up to 250 o C in this paper and published data (ambient conditions) (Joung and Buie, 2014; J B Lee et al., 2016a) . The maximum difference between and at the same We is 8%. However, the maximum differece between and at the same We is 14%. As discussed in section 2 and 3, this corresponds to the spread regime (i.e. the heat is transferred only in forms of sensible heat) where the surface temperature has very limited effect on liquid properties ((e.g. viscosity)) and the maximum spreading ratio. Therefore, the developed model is capable of predicting at Ts ≤ 150 o C (the effect of changing liquid properties on  max is negligible).
Prediction of the maximum spreading
Good agreement between the predictions and the experimental data was found over a wide range of Weber number (1.6 -500).
The level of agreement decreases somewhat at lower values of  max . A single outlier occurs where was measured by Joung and Buie (Joung and Buie, 2014) for a 90% glycerol/10% water droplet. The droplet viscosity of this data point is 0.164 Pa•s, whereas the droplet viscosity of other points is from 0.0009 to 0.016 Pa•s. Overestimation of viscous dissipation for such high viscosity droplets is likely to be the cause of the underestimate of the maximum spreading in this case. The description of the boundary layer thickness and wetted region inside the porous surface may need to be reconsidered for high viscous liquid droplets at low impact kinetic energy. ) and a porous surface (cordierite surface) at the maximum spreading are shown in Figure 19 .
The relative size of each of the terms contributing to the energy at maximum spreading was found by computing the ratio of each energy contribution and the sum of the kinetic energy and surface energy of the droplet before impact. The energy balance of droplet impact on impermeable surfaces is given by (Chandra and Avedisian, 1991; Pasandideh-Fard et al., 1996) ,
The gravitational potential energy and line dissipation were assumed to be negligible. The model (Equation 31) shows good agreement compared to experimental data for β max of droplet impact on impermeable surfaces (Pasandideh-Fard et al., 1996; Ukiwe and Kwok, 2005) . The differences in the energy balance between impermeable surfaces (Equation 31) and porous surfaces (Equation 5 ) are the energy and dissipations terms that are specific to porous surfaces. Figure 19a shows proportions of different energy terms of droplet impact on the stainless steel surface. The proportions of different energy contributions in Figure 19a have been compared with results of droplet impact on impermeable surfaces by Wildeman et al. (Wildeman et al., 2016) . At (We = 30, Re = 1000) and (We = 300, Re = 1000), proportions of viscous dissipation are 0.38 and 0.78 in the literature (Wildeman et al., 2016) . The proportions of viscous dissipation at the same We become closer with increasing Re (8% decrease for Re changes from 500 to 1000 at We = 300) in the literature (Wildeman et al., 2016) . Our data show that proportions of viscous dissipation are 0.41 at (We = 30, Re = 2190) and 0.8 at (We = 300, Re = 6824). By comparison, energy terms of our data are thought to represent the energy distribution correctly. Figure 19b shows proportions of different energy terms of droplet impact on the porous surface. It is evident that viscous dissipation inside droplet and porous region and matric potential dominate the droplet spreading process. At the lower Weber numbers (5 -50), surface energy and line dissipation are larger than 10% of the total energy. However, at higher Weber number (> 280), surface energy and line dissipation only possess 5% of the total energy. The gravitational potential energy at the maximum spreading is negligible ( ).
By comparing energy budget between impermeable surface and porous surface, there are at least three differences: (i) about one-third of the total energy loss is associated with the matric potential for the porous surface; (ii) more viscous dissipation of the impermeable surface than that of the porous surface at We ≥ 100; (iii) surface energy of the porous surface becomes being negligible at We > 20, because the terminal advancing contact angle is very sharp (θ a,porous = 26 o ).
It can be concluded that the two main reasons for larger maximum spreading ratio of porous surfaces are as follows: (i) less viscous dissipation of droplet impact on porous surfaces; (ii) matric potential contributes to obtaining a larger maximum spreading ratio of porous surface, which is in broad agreement with the findings by Fredlund & Rahardjo and Miller (Fredlund and Rahardjo, 1993; Miller, 1989) . 
Conclusion and future work
Droplet impact on porous surfaces has been investigated experimentally over a wide range of Weber numbers and surface temperatures. A regime map has been developed for the droplet-porous surface interaction to characterise the post-impingement behaviour of the droplet as a function of impact Weber number and surface temperature. Differences of the transition regimes between droplet impacts on impermeable surfaces and porous surfaces are mainly due to the capillary effects of the porous substrate and significant local cooling for the cordierite surface (the low thermal conductivity). The maximum spreading rati o was found to be insensitive to the surface temperature over a wide range of Weber numbers if the surface temperature is below the boiling-induced break-up temperature. It is found that neither the existing capillary regime nor viscous regime identified for droplet impacts on impermeable surfaces (or a combination of these regimes), could describe for droplet impact on a porous surface over a wide range of We.
An energy balance model was proposed to predict maximum spreading of droplet impact on the porous surface when the effect of surface temperature on maximum spreading is negligible. It included an improved description of the boundary layer thickness to facilitate calculation of viscous dissipation. The other significant improvement is based on the liquid penetration depth and porosity to predict the matric potential energy inside the porous region. The improved model predicting the maximum spreading ratio shows good agreement with the experimental data in this paper and the literature for droplet impact on porous surfaces. Therefore, this model has been shown to have the ability to predict the maximum spreading of droplet impact on porous surfaces.
Energy distributions of both the impermeable surface and the porous surface at the maximum spreading have been studied. It was found that the spreading process after droplet impact on the porous surface is governed by the viscous dissipation and matric potential. Less viscous dissipation of droplet impact on porous surfaces than on impermeable surfaces and the net effect of matric potential give rise to a larger maximum spreading ratio for the porous surface.
The comparison between the measured data and the modelling results shows the effect of heat and mass transfer can be ignored on predicting the maximum spreading ratio when the surface temperature ≤150 o C. When the surface temperature is higher than 150 o C, especially in the condition where the effect of boiling becomes essential, the current analytical model needs to take into account the disturbance caused by bubbling events to predict the spreading behaviour. This will be our future work.
